ABSTRACT: Our previous studies have shown that the nonsteroidal anti-inflammatory drug indomethacin exhibits antileukemic activity in vitro and can inhibit the aldo-keto reductase AKR1C3, which we identified as a novel target in acute myeloid leukemia. However, the antileukemic actions of indomethacin are likely to be complex and extend beyond inhibition of either AKR1C3 or cycloxygenases. To further understand the antileukemic activity of indomethacin we have used untargeted nuclear magnetic resonancebased metabolic analysis to characterize the responses of KG1a and K562 cell lines in both normal culture conditions and in hypoxia, which better represents the tumor environment in vivo. Hypoxia induced dramatic metabolic changes in untreated KG1a and K562, including adaptation of both phospholipid and glycolytic metabolism. Despite these changes, both cell lines sustained relatively unaltered mitochondrial respiration. The administration of indomethacin induced similar metabolic responses regardless of the oxygen level in the environment. Notable exceptions included metabolites associated with de novo fatty acid synthesis and choline phospholipid metabolism. Collectively, these results suggest that leukemia cells have the inherent ability to tolerate changes in oxygen tension while maintaining an unaltered mitochondrial respiration. However, the administration of indomethacin significantly increased oxidative stress in both KG1a and K562, inducing mitochondrial dysfunction, regardless of the oxygenation conditions. These findings emphasize the particular pertinence of the tricarboxylic acid cycle to the survival of cancer cells and may explain why some antileukemic drugs have been discovered and developed successfully despite the use of culture conditions that do not reflect the hypoxic environment of cancer cells in vivo.
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S everal studies have highlighted potential roles for the aldoketo reductase 1C3 (AKR1C3) in the etiology [1] [2] [3] [4] [5] and pathophysiology of cancer, 6, 7 fostering interest in generating selective AKR1C3 inhibitors as potential chemopreventive and chemotherapeutic agents. [8] [9] [10] [11] Our interest in the role of AKR1C3 in acute myeloid leukemia (AML) arose from studies of the in vitro antileukemic activity of the nonsteroidal inflammatory drug (NSAID) indomethacin, which we discovered to include inhibition of AKR1C3. 1, 6, 11 We later published crystal structures of indomethacin bound to AKR1C3, and consequently drug development studies have used indomethacin as a starting point for AKR1C3 inhibitor design. [8] [9] [10] The antileukemic actions of indomethacin are likely to be complex and extend beyond inhibition of either AKR1C3 or cycloxygenases. Nuclear magnetic resonance (NMR) spectroscopy is a commonly used analytical method that provides unique insight into the composition of small metabolites, that is, the metabolome, of cellular model systems as well as human and animal biofluids and tissues. [12] [13] [14] [15] We have therefore used this approach here to investigate the metabolic effects of indomethacin treatment on two myeloid leukemia cell lines (K562 and KG1a).
Importantly, our previous studies of the actions of indomethacin against myeloid leukemia cells used conventional culture conditions that do not reflect the hypoxic conditions present in the malignant bone marrow. Evidence exists that reduced oxygen tension affects cellular metabolism and the microenvironment, including pH level. [16] [17] [18] [19] [20] For example, glycolysis is enhanced in hypoxia via the increased activity of glucose transporters and glycolytic enzymes, ultimately inducing an increased lactate production and decreased pH levels. 16, 21 These and other modulations in metabolite concentrations induced by hypoxia can affect the response to pharmacological treatment. 17 Therefore here we utilize NMR-based metabolic profiling to study the impact of indomethacin treatment on the metabolism of K562 and KG1a
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ARTICLES myeloid leukemia cell lines with the aims of gaining further mechanistic insight into the antileukemic activities of this drug as well as the effects of the local environment on the outcome of treatment. To achieve the latter we investigated the effects of treatment both in standard culture conditions and in hypoxic conditions, which better mimics the tumor microenvironment in vivo. Furthermore, we utilized two cell lines that apoptose in response to the drug in order to examine the generality of any metabolic responses detected. Our findings demonstrate that despite dramatic changes in the metabolome of myeloid cells grown under conventional or hypoxic culture conditions the tricarboxylic acid (TCA) cycle is relatively preserved. However, in the presence of indomethacin, the TCA cycle becomes commonly deregulated independently of the prevailing oxygen tension.
' RESULTS AND DISCUSSION Metabolic Changes Induced by Hypoxic Environment. 1 H 2-dimensional J-resolved (J-RES) NMR spectra of extracts of KG1a and K562 AML cell lines grown under either hypoxic or normal culture conditions were recorded. We previously showed that the metabolic profiles of these two AML cell lines, when grown in normal culture conditions, differ considerably.
14 Here we demonstrate (as shown, for KG1a cells, in the NMR spectra in Figure 1 , panel a) that hypoxia induced marked changes in the metabolic profiles of K562 and KG1a cell lines. Moreover, regardless of the constitutive metabolic differences between these two cell lines, the hypoxia-induced changes in the metabolic profiles were strikingly similar between KG1a and K562. Principal component analysis (PCA) was performed on the projected J-RES NMR data sets of the two untreated cell lines grown in both hypoxic and normal conditions; the resulting PCA scores plot (Supplementary Figure 1) highlights remarkable differences between the metabolomes of K562 and KG1a cells (almost 70% of the variability is captured by the first principal component). The metabolic differences between the hypoxic and normal culture environments, accounted for on PC2, comprise about a third of the variation described along PC1. The metabolic variability within each of the 4 groups was minor relative to the changes induced by cell type and oxygen conditions in the culture.
Multiple univariate analyses (t tests) followed by a correction for multiple hypothesis testing (false discovery rate, FDR 22 ) at the 1% level was performed on the J-RES NMR data sets after noise exclusion (resulting in about 18,000 data points per data set); specifically the hypoxic and normal culture condition data sets for each cell line were compared. This confirmed that the vast majority of the detected metabolite peaks differed significantly between the conditions of growth. The effect of the hypoxic environment on the metabolic profiles of K562 and KG1a AML cells causes a significant increase in the concentrations of branched amino acids (valine, leucine, and isoleucine), lactate, alanine, creatine, phosphocreatine, glycerol-3-phosphate, glycerophosphocholine, myo-inositol, uridine-5 0 -diphospho-N-acetyl-glucosamine (UDP-GlcNAc), uridine-5 0 -diphospho-N-acetyl-galactosamine (UDP-GalNAc), and phenylalanine. In contrast, proline, phosphocholine, citrate, glutamate, glutathione, and aspartate are significantly decreased in cells grown in hypoxic conditions (Supplementary Figure 2) . Moreover, in both cell lines, fumarate, malate, and succinate are not significantly different between cells grown in hypoxic versus nonhypoxic conditions. Among all the detected metabolites common to both cell lines, only the concentrations of sarcosine and glycine change in opposite directions, i.e., in cells grown under hypoxic conditions. Both metabolites have increased concentrations in K562 cells and decreased levels in KG1a cells. Moreover, glutamine is present in detectable amounts only in K562 cells. To assess the extent of these changes in a more quantitative manner, 1 H 1D NMR spectra were collected with a long repetition time to allow for full longitudinal relaxation of the protons. The concentrations of GSH and several other metabolites involved in or related to the TCA cycle and to choline metabolism for cells grown in either hypoxic or nonhypoxic conditions are reported in Supplementary Figure 3 .
Regardless of the constitutive differences between the two AML cell lines, the metabolic alterations induced by the hypoxic environment are strikingly similar in KG1a and K562 cells. These results suggest that both the AML cell lines adopt a common adaptive mechanism when exposed to an environment with low oxygen tension. In agreement with previous studies performed on cell model systems, we observe an enhancement of the glycolytic activity (as confirmed by an intracellular accumulation of alanine and lactate) induced by the hypoxic environment. 18 This is likely the outcome of the overexpression of glucose transporters (particularly GLUT1 and GLUT3) and an increased activity of the glycolytic enzymes in hypoxia. 23, 24 The increased expression of hypoxia-inducible factor (HIF) in hypoxic tumors has been shown to trigger the expression of several glycolytic enzymes, favoring the accumulation of lactate and carbonic acids resulting in an increased acidity in the intracellular environment. 17, 19, 25 Interestingly, although glycolysis appears to be enhanced in cells grown in hypoxia, the concentrations of metabolites within the TCA cycle are, except for citrate, not significantly altered. These observations indicate that adaptive mechanisms conserved between the cell types serve to protect mitochondrial respiration and thereby promote cell survival. The stability of the TCA cycle under reduced oxygen tension conditions is made yet more noteworthy by the observed hypoxia-induced changes in other pathways. Hypoxia altered several metabolites associated with the biosynthesis and the catabolism of phospholipids and other lipids (e.g., citrate as a precursor of de novo fatty acid synthesis) in both cell lines. The accumulation of phosphocreatine, a metabolite recognized to function as a phosphagen and hence energy reservoir for cells, is indicative of an adaptive response to an enhanced energy metabolism in hypoxic cells. 18 The hypoxiainduced decrease in phosphocholine and increase in glycerophosphocholine concentrations have been attributed to a reduction of phosphatidylcholine turnover, 18, 26 opposite to what has been reported for prostate cancer cell lines in hypoxia. 20 Similarly, the accumulation of myo-inositol in AML cells under hypoxic conditions might be related to the phosphatidylcholine turnover. In fact, altered requirements of myo-inositol, an isomer of glucose having several important functions in mammalian cells (e.g., as an osmolyte), have been associated with the modulation of phospholipid levels. 27, 28 Increased concentrations of metabolites of the hexosamine pathway can be attributed with the up-regulation of glucose metabolism affecting the synthesis of glycolytic intermediates. [29] [30] [31] Metabolites in the hexosamine pathway, such as UDP-GlcNAc and UDP-GalNAc, are important precursors for the formation of N-glycans, and their elevation has been related to response of several forms of cellular stress including hypoxia. 31 The relative stability of the TCA cycle between different states of oxygenation, in the context of other quite large changes in the H projected J-resolved NMR spectra acquired on the polar fraction of KG1a cell extracts grown either in nonhypoxic (green lines, showing all 12 replicate spectra) or in hypoxic (∼1% oxygen; red line, showing all 6 replicate spectra) conditions. b) Loadings plot along PC2 obtained from the principal component analysis of the 1 H NMR spectra acquired on the intracellular extracts of KG1a and K562 acute myeloid leukemia cell lines treated with indomethacin and grown in nonhypoxic or in hypoxic conditions. c) Scores plot obtained from the principal component analysis of the 1 H NMR data sets of untreated (green symbols) and indomethacin-treated (red symbols) KG1a and K562 cells grown in hypoxic and nonhypoxic conditions. d) Average concentrations of selected TCA cycle intermediates and reduced glutathione in untreated or indomethacin-treated KG1a and K562 cells in nonhypoxic (average of 12 samples) or in hypoxic (average of 6 samples) conditions. e) Average concentrations of metabolites of the choline pathway in untreated or indomethacin-treated KG1a and K562 cells in nonhypoxic (average of 12 samples) or in hypoxic (average of 6 samples) conditions. f) Treatment with indomethacin induces the formation of reactive oxygen species in AML cells. Percent of ROS positive cells in untreated and indomethacin-treated KG1a and K562 AML cells grown and treated either in nonhypoxic or in hypoxic conditions, measured using flow cytometry. (Phe, phenylalanine; Tyr, tyrosine; His, histidine; Fum, fumarate; UDP, uridine diphosphate; Lac, lactate; Ala, alanine; Cre, creatine; PCre, phosphocreatine; Gly, glycine; Tau, taurine; m-Ino, myo-inositol; Cho, choline; PCho, phosphocholine; GPCho, glycerophosphocholine; Asp, aspartate; Asn, asparagine; Suc, succinate; Glu, glutamate; Gln, glutamine; GSH, glutathione; Cit, citrate; Pro, proline; Ace, acetate; Val, valine; Ile, isoleucine; Leu, leucine; *: p < 0.01; **: p < 0.0001). metabolome, is interesting to consider since in other systems hypoxia tends to down-regulate the TCA cycle.
32 Hemopoietic stem cells (HSC) and progenitor cells are able to leave their hypoxic niches in the bone marrow, enter into the normoxic peripheral circulation, and rehome to the bone marrow. This happens at a very low frequency but is exploited in transplant medicine by the mobilization of high numbers of HSCs into the periphery of donors using cytokine stimuli. These mobilized stem cells then, when introduced to the recipient, again home from the normoxic periphery into hypoxic niches in the patients' marrow. Thus the ability to tolerate exchanges of oxygen tensions is an inherent ability of HSCs and progenitor cells. This ability is shared by AML blasts, which again proliferate in the bone marrow but also accumulate in the periphery. Our data indicate that despite prolonged culture in artificial conditions, KG1a and K562 cells have retained this plasticity and provide novel insight into the molecular mechanisms that permit this behavior.
Metabolic Changes Induced by a 24-h Treatment with
Indomethacin. Tissue culture studies using cell lines have been widely used to study potential cancer treatments in vitro. Despite numerous successes this approach is often criticized as being flawed because conventional culture conditions do not reflect the hypoxic environment of tumor cells. Here we addressed the metabolic consequences of indomethacin treatment on two AML cell lines under both normal and arguably more realistic hypoxic conditions. PCA was performed on the NMR data sets of the AML cell lines, with and without indomethacin treatment, grown under both hypoxic and nonhypoxic conditions (loadings and scores plots included in Figure 1 , panels b and c). The resulting PCA scores plot (PC1 vs PC2; Figure 1 , panel c) indicates that the separation between the indomethacin-treated and untreated samples (within each cell line and oxygen level) is much smaller than the separation caused by the genetic variability between cell types or by the oxygen tension. The extent of the differences induced by the drug treatment can be better highlighted by performing a PCA on each subset of NMR data limited to one cell line and one oxygenation condition. The four scores plots, comparing the control and indomethacin treatment data sets for KG1a and K562 cells grown under hypoxic and nonhypoxic conditions, are shown in Supplementary Figure 4 . A clear separation is observed between the solvent control and indomethacin treated KG1a and K562 cells grown in both hypoxic and nonhypoxic conditions. The analysis of the associated PCA loadings plots (data not shown explicitly) as well as the results of univariate analyses (t tests with FDR correction at 5% significance), coupled with a visual interpretation of the NMR spectra, are summarized in the biochemical pathways depicted in Supplementary Figure 5 cell lines regardless of the oxygen level. However, changes in citrate concentration follow opposite trends for cells grown in hypoxic or in nonhypoxic conditions (in the hypoxic cells, citrate significantly accumulated in the drug treated vs untreated samples; in the nonhypoxic counterpart a significant depletion of citrate in the treated samples was observed). Similarly, the concentration changes of some metabolites involved in choline metabolism are common to both the cell lines but differ when hypoxia and nonhypoxia data sets are compared. In fact, cells treated with indomethacin in a nonhypoxic environment show an accumulation of glycerophosphocholine and a decrease of phosphocholine, whereas the administration of the drug under hypoxic conditions produces the opposite effect. Some of these observations, in particular for metabolites involved in the TCA cycle or choline metabolism, were quantified from the NMR spectra in Figure 1 , panels d and e.
The observed indomethacin-driven depletion of R-ketoglutarate and associated rise in succinate mirrored observations made in our previous study where we demonstrated that combining medroxyprogesterone acetate (MPA) with bezafibrate (Bez), in normal culture conditions, generated reactive oxygen species (ROS). 33 Following earlier observations showing that ROS directly converted R-ketoglutarate into succinate 34 and treatment of KG1a cells with H 2 O 2 recapitulated R-ketoglutarate depletion and succinate accumulation, we concluded that the ROS generated by combined MPA and Bez is the mechanism that causes the derangement of the TCA cycle. 14 In the current study we therefore measured induction of ROS upon treatment with indomethacin ( Figure 1, panel f) . The drug treatment induced significant increases in ROS in both cell lines. Strikingly, despite the cells being able to protect the TCA cycle under conditions of low oxygen availability, indomethacin deregulated the balance of TCA metabolites in both cell lines and in both normal and hypoxic culture conditions. Moreover, all of the observed responses of TCA intermediates (with the exception of citrate) to indomethacin were consistent in both culture conditions. The significant depletion of R-ketoglutarate and the concurrent accumulation of succinate and fumarate suggest a partial truncation of the TCA cycle induced by the generation of ROS triggered by the indomethacin treatment. The indomethacin-induced generation of ROS also relates to the observation that reduced glutathione is depleted in the AML cells after treatment at different oxygen levels. Similar observations were previously reported by de Groot and colleagues. 35 The striking, oxygen-dependent behavior of citrate seems to indicate that the administration of indomethacin in combination with hypoxia counters the effect of hypoxia alone and points to an accumulation of citrate in the cytosol due to a hindered synthesis of de novo fatty acids, cholesterol, and isoprenoids through the conversion of citrate to acetyl-CoA. 36 The accumulation of a pool of citrate outside of the TCA cycle therefore colors the interpretation of the indomethacin-induced effects of this intermediate with the mitochondria.
Not all indomethacin-induced changes were as consistent as those observed in the TCA cycle. Treatment of cells in normal culture conditions resulted in alterations of choline phospholipid metabolism that are in general agreement with previous reports. 37, 38 However, the administration of indomethacin to cells under hypoxia induced disparate alterations to these metabolites. Similar to the changes in citrate concentration these opposite trends suggest that the anti-inflammatory effects of indomethacin on the inflammatory pathways depend on the oxygen level in the culture environment. In colorectal tumor cells and in prostate cancer cell lines, HIF-1 has been shown to up-regulate COX2. 39 Thus, it can be argued that in leukemia cell lines treatment with indomethacin interferes with the effect of hypoxia on the enzymes regulating the choline phospholipid metabolism.
Implications for Drug Development. From a therapeutic perspective the key observation made here is that the administration of indomethacin significantly increased oxidative stress via generation of ROS in both KG1a and K562 leukemia cells, inducing mitochondrial dysfunction regardless of the oxygenation conditions. These findings may emphasize the particular pertinence of the TCA cycle to the survival of cancer cells and may explain why some antileukemic drugs have been discovered and developed successfully despite the use of culture conditions that do not reflect the hypoxic environment of cancer cells in vivo. It is also noteworthy that indomethacin alone induced ROS, an observation not seen in our earlier study using the less AKR1C3-selective inhibitor MPA.
14 This finding lends support to the approach being used by others to develop novel AKR1C3 inhibitors based on the structure of indomethacin. [8] [9] [10] Finally, since a variety of NSAIDs inhibit AKR1C3, 11, [40] [41] [42] [43] future studies should address whether the chemopreventive actions of NSAIDs reported in a number of cancers [44] [45] [46] [47] include deregulation of the TCA cycle in premalignant cells.
' METHODS Cell Culture Conditions. KG1a and K562 AML cell lines were maintained in exponential proliferation in RPMI 1640 medium (GibcoInvitrogen) with 10% fetal bovine serum (FBS, Gibco-Invitrogen) and 100 units mL -1 of penicillin and 100 μg mL -1 of streptomycin (GibcoInvitrogen). The cells were cultured in a humidified chamber at 37°C and with 5% CO 2 (nonhypoxic condition). For experiments performed in hypoxic conditions, the cells were moved to a hypoxic chamber (humidified at 37°C, with 1% O 2 and 5% CO 2 ) and accustomed to this environment for 24 h prior to treatment.
Cell Treatments. Cells (5 Â 10 7 ) were treated with either solvent control (ethanol) or 20 μM indomethacin. For each treatment, 12 replicate samples were prepared for the nonhypoxic growth condition and 6 replicate samples for the hypoxic one. After 24 h the cells were washed with PBS (Lonza Group Ltd.) and harvested by centrifugation. The cell pellets were immediately frozen in liquid nitrogen and stored at -80°C.
NMR Sample Preparation. The extraction of polar intracellular metabolites from cell pellets was performed using a modified BlighDyer procedure. 48 Samples were dried overnight in a centrifugal vacuum concentrator. The dried polar extracts were redissolved in 90% H 2 O/ 10% D 2 O (GOSS Scientific Instruments Ltd.) prepared as 100 mM phosphate buffer (pH 7.0), containing 0.5 mM sodium 3-(trimethylsilyl)propionate-2,2,3,3-d 4 H NMR data acquisition. In both cases the water resonance was suppressed using excitation sculpting.
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1 H NMR Data for Quantitative Determination of Metabolites. 1 D spectra were acquired with a long relaxation delay of 15 s and a 30°flip angle to guarantee near complete longitudinal relaxation. 1D spectra were acquired with a spectral width of 5 kHz and 256 transients. 2D 1 H J-RES NMR. 2D J-RES spectra were collected using a double spin echo sequence with 16 transients per increment and 32 increments. Strong coupling artifacts were suppressed by phase cycling. 51 Prior to Fourier transformation, 2D J-RES spectra were multiplied by a combined sine-bell/exponential window function in the direct dimension and by a sine bell function in the incremented dimension. 52 Skyline projections (of the nontilted and nonsymmetricized 2D spectra) were calculated and then aligned to TMSP at 0.0 ppm. Selected signals arising from residual solvents and TMSP were excluded. Spectra were normalized according to the probabilistic quotient method 53 and binned at 0.0015 ppm. A generalized-log transformation was applied prior to conducting the multivariate statistical analysis. 54 Multivariate statistical analysis (PCA) of the projected J-RES NMR data was carried out using PLS toolbox (Version 4.1; eigenvector Research).
Multiple univariate analyses (t tests) were performed on all the data points of 1 H 1D NMR spectra after the exclusion of noise (3 times the noise level calculated according to ref 55). The results were then false discovery rate (FDR) corrected to significance levels of 1% or 5%.
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